We used several of the genetic lesions commonly associated with human liver tumors to reconstruct genetic progression to hepatocellular carcinoma and adenoma in mouse models. We initiated tumorigenesis with a transgene of the protooncogene MET or by hydrodynamic transfection of MET in combination with other genes into the livers of adult animals. Hepatocellular carcinoma in both instances arose from cooperation between MET and constitutively active versions of ␤-catenin. In contrast, adenomas were produced by cooperation between MET and defective signaling through the transcription factor HNF1␣. Prompted by these findings, we uncovered a coincidence between activation of the protein-tyrosine kinase encoded by MET and activating mutations of ␤-catenin in a subset of human hepatocellular carcinomas. Inactivation of MET transgenes led to regression of hepatocellular carcinomas despite the persistence of activated ␤-catenin. The tumors eventually recurred in the absence of MET expression, however, presumably after the occurrence of one or more events that cooperated with activated ␤-catenin in lieu of MET. These results offer insight into hepatic tumorigenesis, provide mouse models that should be useful in the further study of hepatic tumorigenesis and for preclinical testing, and identify a subset of human hepatocellular carcinomas that may be susceptible to combination therapy directed against Met and the Wnt signaling pathway.
L
iver cancer is among the deadliest of human malignancies, with an annual worldwide incidence of 600,000 cases and a mean survival time of 6 months from time of diagnosis (1) . The principal causes of liver cancer are infection with hepatitis B or C virus, chronic alcoholism, aflatoxin exposure, or other circumstances that predispose to cirrhosis. These causes are believed to produce liver cancer by inducing repeated rounds of hepatocyte death and proliferation (2) , creating a permissive environment in which genetic or epigenetic changes could occur that confer gain of function on protooncogenes or loss of function on tumor suppressor genes (3). Many such changes have been reported, but the combinations of these changes that operate to produce human hepatocellular carcinoma (HCC) remain largely uncharacterized. Frequent among the changes known to occur in human HCC are overexpression, amplification, or mutation of the protooncogene MET, which encodes the receptor protein tyrosine kinase Met (4-6) and activation of the Wnt signaling pathway by mutation of the genes encoding either ␤-catenin (CTNNB1), axin (AXIN1), or axin 2 (AXIN2) (7) . These changes provided points of departure for the present study.
Humans also develop hepatocellular adenomas (HCAs), a relatively rare benign tumor of the liver found most frequently in women with a history of oral contraceptive use (8) . In contrast to HCC, the most frequent genetic change that has been clearly implicated in HCA is mutation that inactivates the TCF1 gene, which encodes the transcription factor hepatocyte nuclear factor 1␣ (HNF1␣). Biallelic inactivating mutations of TCF1 are found in 50% of sporadic HCAs, and some families with heterozygous germ-line mutations in TCF1 display an adenomatosis syndrome, in which individuals develop 10 or more HCAs that exhibit a loss of heterozygosity for TCF1. Although tcf1 Ϫ/Ϫ mice develop hepatomegaly and die around the time of weaning, they have not been reported to show evidence of neoplasia (9) . Hence, other events in addition to inactivation of TCF1 are likely to be necessary for HCA genesis.
We previously reported that overexpression of wild-type MET, as observed in a substantial fraction of human HCCs, can initiate HCC genesis in mice (10) . We have now used those mice to reconstruct prospectively the genomic progression to both HCA and HCC. The results appear to replicate events that occur during the genesis of both benign and malignant tumors in the human liver. The mouse models described here should prove useful for the further study of tumorigenesis in the liver and for preclinical testing of new therapeutics.
Results

Benign and Malignant Tumors in MET Transgenic
Mice. We previously generated four independent lines of mice that overexpress a wild-type allele of human MET specifically in hepatocytes under the control of doxycycline (10) . Use of a human allele of MET allowed discrimination between the transgenic and endogenous Met proteins by immunoanalysis. Two of these lines (TRE-MET lines 3 and 4) developed HCC and HCA often in the same liver ( Fig. 1) (10) . Typically there were between one and five separate tumor nodules in any given liver. HCCs predominated in line 3, whereas HCAs were dominant in line 4 (data not shown).
Histologically, the livers sequentially developed hyperplastic foci, dysplastic foci, and, by 3 months of age, overt tumors ( Fig.  2 A-E) (10) . The HCCs were composed predominantly of hepatocytic cells, had cell plates greater than three cells thick, a paucity of bile duct cells, and lacked lobular architecture (Fig.  2D) (10) . In addition, the HCCs expressed the fetal marker alpha-fetoprotein (AFP) [supporting information (SI) Fig. 5N ] as found in human HCC. The HCAs also were composed of hepatocytic cells, had a paucity of bile duct cells, and lacked lobular architecture (Fig. 2E) . Unlike the HCCs, however, the HCAs had cell plates that were only one to two cells thick (Fig.  2E ) and did not express AFP (SI Fig. 5O ). We did not observe HCCs developing within HCAs or vice versa. We conclude that the HCCs and HCAs probably arose independently of one another, as is validated further later.
Distinct Pathways of Tumorigenesis in MET Transgenic
Mice. We used immunohistochemistry to monitor the expression and activity of Met in various tissues. Phosphorylation of Met served as a surrogate for direct assay of enzymatic activity, which is not presently possible for analyses in situ. There is a well established correlation between enzymatic activity and autophosphorylation of human Met on tyrosine at residues 1234 and 1235 in the activation loop of Met (11, 12) . The autophosphorylation can be detected either by use of antibodies specific for the phosphorylated tyrosine residues or immunoprecipitation with an antibody against generic phosphotyrosine and detection with an antibody against Met. In our experience, the two assays have given identical results when performed in parallel on the same samples, so we have used them interchangeably.
Although Met was expressed in all hepatocytes in the livers of transgenic mice (Figs. 1M and 2L), phosphorylated Met was detected only in hyperplastic foci (Fig. 2G ), dysplastic foci (Fig.  2H) , HCCs (Fig. 2I) , and HCAs (Fig. 2 J) . Furthermore, continued expression of the MET transgene was apparently necessary for maintenance of hyperplastic and dysplastic foci because these lesions were not observed in transgenic animals maintained in the absence of doxycycline for 6 months and then placed on doxycycline for 6 months (data not shown). We conclude that activation of Met coincided spatially and temporally with the onset of preneoplastic lesions in the liver, and that continued expression of the MET transgene was necessary for the maintenance of those lesions. Although it is possible that the presence of phosphorylated Met is simply a marker of prolifer- ating hepatocytes and not the cause of the proliferation, we favor the latter explanation because silencing of the MET transgene expression halts proliferation in both preneoplastic lesions and the subsequent HCC that develop (data not shown) (10) . Taking a clue from previous findings with human HCC, we next examined whether activation of ␤-catenin was involved in the progression from hyperplastic or dysplastic foci to HCC in the transgenic mice. We tested for activation of ␤-catenin by two separate assays: nuclear accumulation of ␤-catenin (7) and expression of a ␤-catenin target, the gene glul, which encodes the protein glutamine synthetase (GS) (13) . Nuclear ␤-catenin was detected in sections from HCC nodules (Fig. 2S) , whereas only membrane staining was present in sections from normal liver, hyperplastic foci, dysplastic foci, and HCAs (Fig. 2 P-R and T) . In agreement with the nuclear ␤-catenin staining, GS was expressed in HCC nodules, but absent from HCA nodules (SI Fig. 5 D and E) . As in the normal liver (13) , expression of GS in hyperplastic and dysplastic foci was limited to a zone immediately adjacent to the central vein (SI Fig. 5 A-C) .
To determine the mechanism of ␤-catenin activation in HCCs of MET transgenic mice, we sequenced the ctnnb1 in tumors. Twenty of the 21 HCC nodules that we analyzed harbored a heterozygous activating mutation in ctnnb1 (SI Fig. 6 and SI Table 2 ). The mutations bear a strong resemblance to those found in the ctnnb1 of human HCC (14) . In particular, by eliminating crucial sites of phosphorylation, they stabilize ␤-catenin, causing it to accumulate and acquire constitutive activity in the Wnt signaling pathway (7). In contrast, no HCA nodule that we analyzed (0 of 13) had a mutation in ctnnb1 (data not shown). We conclude that ␤-catenin was activated in the progression to HCC, but not to HCA.
In the seven instances where we analyzed multiple nodules of HCC from the same liver, separate nodules harbored different ctnnb1 mutations, indicating that each nodule represented an independent clone (SI Table 2 ). It is possible that these independent nodules arose from a single neoplastic clone and later acquired different mutations in ctnnb1. We do not favor this explanation because these independent clones were frequently in separate lobes of the liver (data not shown), making origin from a single clone less likely.
Motivated again by the example of data from human tumors, we explored the possibility that loss of HNF1␣ function was involved in HCA genesis. The HNF1␣ target gene, pah, encoding the protein phenylalanine hydroxylase (PAH) (15) was not expressed in HCA nodules (SI Fig. 5J ), but was expressed in normal liver, hyperplastic and dysplastic foci, and HCC nodules (SI Fig. 5 F-I ). Despite these findings, we were unable to find any defect in either the structure or expression of HNF1␣ in the HCAs (data not shown), so we cannot presently explain the absence of PAH in the HCAs. By using hydrodynamic transfection, however, we were able to confirm that the expression of PAH appears to be dependent on signaling by way of HNF1␣, thus authenticating PAH as a surrogate marker for such signaling, and that a deficiency in the signaling cooperates with MET to elicit HCAs. Thus, we suspect that HCAs found in the MET transgenic mice arose from a similar collaboration. The absence of ␤-catenin mutations in the HCAs and the evidence for functional signaling through HNF1␣ in the HCCs, as opposed to HCAs, support the view that the two types of tumors had independent origins.
Induction of Tumorigenesis in Mice by Hydrodynamic Transfection.
Our results with MET transgenic mice suggested a forked pathway in which activation of the Met kinase initiates tumorigenesis, and progression to HCC or HCA is favored by activation of ␤-catenin or loss of HNF1␣ function, respectively. To test this model directly, we used hydrodynamic transfection with a transposable vector to stably express exogenous genes in the liver (16) (17) (18) (19) (20) .
In an effort to reconstruct the pathogenesis of HCCs and HCAs by using hydrodynamic transfection, we generated vectors containing wild-type human MET, a constitutively active version of CTNNB1 (⌬N90-CTNNB1) (21) and a dominant-negative version of TCF1 containing only the N-terminal 290 aa (DNHNF1␣) (22) , similar to mutants that are responsible for familial adenomatosis (23) . We were able to detect expression of each of the transfected genes by immunohistochemistry with antibodies against epitope tags (SI Fig. 7 A-D) . Stable expression occurred in 1-20% of hepatocytes (data not shown) in accord with previous experience (19) . We were not able to detect phosphorylated Met in sections of liver from animals that were transfected with MET alone (data not shown). Instead, we inferred that the protein product of transfected MET was functionally active from three phenotypic responses in the liver: induction of widespread and numerous foci of dysplasia (SI Fig. 8B and data not shown), up-regulation of E-cadherin (data not shown), and cooperation with activated ␤-catenin in tumorigenesis.
Hydrodynamic transfection of ⌬N90-CTNNB1 induced patchy expression of the ␤-catenin target glul throughout the liver (SI Fig. 8I ). Hydrodynamic transfection of DNHNF1␣ gave rise to scattered hepatocytes with a foamy appearance (SI Fig. 8D ) and inhibited expression of the HNF1␣ target pah (SI Fig. 8P ). This inhibition sustains the view that expression of pah depends on HNF1␣ in hepatocytes, in turn validating the use of pah expression as a surrogate for HNF1␣ activity in liver tissue.
Over the course of 1 year, none of the animals transfected with MET, ⌬N90-CTNNB1, or DNHNF1␣ alone showed any evidence of liver tumors (Fig. 3, SI Fig. 8 B-D , and data not shown). One year after transfection with MET, three animals died of unknown causes, but the remaining six animals remained healthy and without liver tumors (Fig. 3 and data not shown) . We conclude that the alleles we generated were functional, but were not sufficient individually to induce tumors over the time period we analyzed. Given that a MET transgene can initiate tumorigenesis, we cannot explain the absence of tumors in mice transfected with MET. The discrepancy may be due either to differences in the levels of expression of Met or the relative number of cells expressing the gene (which is much greater in the transgenic animals).
None of the genes produced immediate responses of any sort when transfected individually. In contrast, 21% (7 of 34) of animals hydrodynamically transfected with MET in combination with ⌬N90-CTNNB1 died within 3 days thereafter (Fig. 3) . We cannot explain these deaths decisively, but suggest that the combined activities of ␤-catenin and Met interfered with recovery from the liver damage that is known to follow hydrodynamic transfection (19) . Hydrodynamic transfection of the combination of MET and ⌬N90-CTNNB1 gave rise to HCC in 74% (20 of 27) of surviving animals within 1 month and death within 3 months (Fig. 3, SI Fig. 8E , and data not shown). In the seven animals that did not develop HCC, we were unable to detect the protein products of the transfected genes; the transfections had apparently failed. The HCCs were multifocal, with Ͼ50 nodules per liver. The nodules contained both phosphorylated Met and ⌬N90-␤-catenin (SI Fig. 7 E, F, and H) . Like the HCCs in MET transgenic mice, the tumors induced by hydrodynamic transfection of MET and ⌬N90-CTNNB1 expressed GS, PAH, and AFP (SI Fig. 8 K, Q, and W) . Livers from these animals showed no evidence of HCA. Hydrodynamic transfection of MET followed by ⌬N90-CTNNB1 3 weeks later, or in reverse order at the same interval, yielded similar results to simultaneous transfection of the two genes (data not shown). We conclude that cooperation between MET and ⌬N90-CTNNB1 rapidly induced multifocal HCC irrespective of the order in which the genes were delivered.
Hydrodynamic transfection with a combination of MET and DNHNF1␣ gave rise to HCA (SI Fig. 8F and data not shown), which occurred as multiple nodules in 50% (5 of 10) of animals within 1 month (data not shown). These animals were still alive after 10 months of observation (Fig. 3) , reflecting the indolent nature of HCA. In the five animals that did not develop tumors, we were unable to detect the protein products of the transfected genes. Like the HCAs from MET transgenic mice, the tumors induced by hydrodynamic transfection of MET and DNHNF1␣ did not express GS, PAH, or AFP (SI Fig. 8 L, R, and X) . Immunohistochemistry confirmed that DNHNF1␣ was expressed in the nuclei of all hepatocytic cells within each HCA nodule (SI Fig. 7G ). Western Blotting confirmed that phosphorylated Met was present in HCA nodules, albeit at lower levels than in HCC nodules (SI Fig. 7H ). We conclude that cooperation between transfected MET and DNHNF1␣ rapidly induced multifocal HCA, in accord with our previous inference that a deficiency of signaling by way of HNF1␣ might be involved in the genesis of HCA in the MET transgenic mice.
Activation of Met and ␤-Catenin in Human HCC. To explore whether the genetic pathway to HCC that we delineated in our mouse model also operates in humans, we analyzed samples of human HCC for activation of Met and ␤-catenin (Table 1 and SI Fig. 9 ). Among tumors with easily detectable activation of Met, 60% had an activating mutation in CTNNB1 (Table 1 ). In contrast, only 12% of those tumors with a low or undetectable amount of activated Met harbored an activating mutation in CTNNB1 (Table 1) . Among the subset of HCCs with low or undetectable amounts of activated Met, high amounts of total Met were detected in 43% (18 of 41) (SI Fig. 9 , lanes 9 and 10, and data not shown), compared with 100% (15 of 15) of tumors with readily detectable activated Met (SI Fig. 9 , lanes 1-6, and data not shown). We cannot explain the absence of Met kinase activity in some of the tumors that overexpressed the protein, but the finding raises a caution against using protein levels as the sole assessment of Met in human tumors. In summary, the majority of human tumors (60%) containing activated Met carried mutant alleles of CTNNB1, and the majority of tumors (64%) carrying mutant alleles of CTNNB1 contained activated Met ( Table 1 ). The association of activated Met and mutant alleles of CTNNB1 was statistically significant, with a P value of Ͻ0.001 by the 2 test.
Recurrence After Tumor Regression. We previously reported regression of HCC in the MET transgenic animals after inactivation of the transgene by administration of doxycycline (10) . In an effort to detect residual tumor cells after regression, we exploited the nuclear localization of ␤-catenin in the cells of HCC. We maintained MET transgenic animals in the absence of doxycycline for 7 months to permit the development of HCC. We then selected animals with enlarged abdomens, indicating the presence of tumor, and placed these animals on doxycycline for 6 months. The tumors regressed, but microscopic foci of small eosinophilic hepatocytic cells containing nuclear ␤-catenin were detectable within scar tissue (Fig. 4 A and B) . Immunohistochemical analysis demonstrated the absence of transgenic Met Fig. 9 . DNA was extracted from human HCCs samples and then subjected to PCR analysis with primers specific for exon three of the CTNNB1 gene. The number of tumors in each group is listed. Numbers in parentheses represent the percentage of tumors with the indicated level of phosphorylated Met. The P value was Ͻ0.001 by 2 for the association of phosphorylated Met with mutant CTNNB1. *One of the six tumors with wild-type CTNNB1 had high levels of GS, indicating that ␤-catenin may have been activated by another mechanism in that tumor.
and phosphorylated Met in these cells (data not shown). In contrast, we never observed hepatocytes with nuclear accumulation of ␤-catenin outside of scar tissue (Fig. 4B and data not shown), the presence of which would be expected if normal liver tissue had been reconstituted by differentiation of tumor cells. Despite being maintained on doxycycline after regression of HCCs, the MET transgenic mice began to succumb to recurrent tumors within a few months (Fig. 4E) . The recurrent tumors displayed the histological appearance of HCC and had nuclear accumulation of ␤-catenin (Fig. 4 C and D) . Western Blot analysis of lysates from the recurrent tumors demonstrated the absence of both phosphorylated and unphosphorylated Met (Fig. 4F) . We conclude that inactivation of the MET transgene was sufficient to induce tumor regression even in the presence of mutant ctnnb1. The eventual recurrence of tumors was presumably because of an event that somehow complemented the absence of Met.
We have not ascertained whether HCAs regress when transgenic animals are placed on doxycycline.
Discussion
Distinct Pathways of Tumorigenesis in the Liver. Our study of transgenic mice provided correlative evidence that tumorigenesis initiated by MET could take different routes depending on which of two spontaneously occurring genetic events arose first: activation of ␤-catenin or inactivation of the HNF1␣ pathway. We were able to substantiate this conclusion by introducing exogenous genes into the adult liver with hydrodynamic transfection. Hydrodynamic transfection with suitable combinations of oncogenes produced a large number of tumors rapidly, suggesting that few, if any, additional cooperating events were required to generate hepatic tumors in this experimental setting.
The consistency with which spontaneous activating mutations of ctnnb1 were found in HCCs initiated by the MET transgene presumably reflects a powerful selection for the Wnt signaling pathway as a collaborator with MET during genesis of the tumors and suggests that activation of ␤-catenin is for some reason favored in that selection. We encountered a similar, albeit not inevitable, pairing of activated Met and ␤-catenin in human HCCs as well, a correspondence that argues for some measure of authenticity in the mouse model.
Why are mutations in the gene for ␤-catenin particularly favored in the tumorigenic collaboration with Met? One possibility is that these mutations augment a direct biochemical interaction between MET and ␤-catenin. Indeed, MET has been reported to directly phosphorylate ␤-catenin, thereby facilitating its activation (24, 25) . However, the mutations described here are known to independently activate ␤-catenin, so it seems just as likely that signaling from Met and ␤-catenin are independent variables that cooperate in tumorigenesis for reasons as yet unknown.
Histopathological changes initiated by a MET transgene developed sequentially: hyperplasia first, followed by dysplasia and then HCC. We cannot conclude definitively that each type of morphological lesion was derived from the previous type in this sequence. However, the temporal sequence of morphological lesions paralleled nicely the sequential activation of Met and ␤-catenin, both of which were present in the eventual HCC. This morphological sequence also is reminiscent of that seen with experimental chemical carcinogenesis in the liver (26) . Furthermore, prospective studies have shown the development of HCC within dysplastic nodules in humans with liver disease (27) . Nonetheless, definitive proof of the potential for each of these preneoplastic lesions to progress to cancer awaits proper lineagetracing experiments. HCC and HCA might arise from bipotential liver stem cells, committed hepatocyte progenitors, or from the mature hepatocytes, but it is presently impossible to discern whether the same type of cell can give rise to both types of tumors.
Pathways of Tumorigenesis in the Human Liver. In our analysis, the majority of human HCCs with activated ␤-catenin also contained activated Met. However, there was a subset of human HCCs in which ␤-catenin was activated in the absence of activated Met. Apparently, one or more events other than activation of Met also can cooperate with ␤-catenin in hepatic tumorigenesis, although such an event might simply affect an element in one of the signaling pathways commanded by Met and, thus, create a phenocopy of Met activity. Analysis of the recurrent tumors may provide access to one or more of those events. Our findings suggest that Ϸ20% of human HCC may arise through the cooperation of Met and ␤-catenin, a subset that may correspond to the subset of HCC recently described as expressing a Met signature (28) . The implication is that such cooperation is just one of several pathways that engender human HCC. The transgenic model studied here has fortuitously imitated the particular pathway that employs Met and ␤-catenin. The model could prove useful in the preclinical testing of therapeutics directed at either the Met or Wnt signaling pathway.
A recent report describes a subset of HCAs that is particularly prone to malignant progression and also harbors a mutation in the gene-encoding ␤-catenin (29) . Our transgenic model of HCA apparently represents another subset of human HCAs that does not tend to progress and does not have mutations in the gene-encoding ␤-catenin. The newly described, premalignant subset of human HCAs may be analogous to premalignant dysplastic foci, which possess some, but not all, of the mutations necessary to drive malignant behavior.
Therapeutic Implications of Tumor Regression in the Mouse Models.
As reported previously (10) , tumors initiated by transgenic MET regressed when the transgene was inactivated despite the sustained presence of mutant ctnnb1. Small foci of abnormal cells harboring activated ␤-catenin remained in scars at the sites of regression. We presume that these were residual tumor cells placed into dormancy by the absence of Met activity. It has been reported previously that regression of various tumors can occur in the presence of presumptive cooperating mutations, but the existence and identity of such mutations was not established (30) . However, some tumors do not regress in the presence of a cooperating oncogene (31) . It appears that the potential for regression may vary depending on the tissue type and individual oncogenes involved in tumorigenesis.
The regression of HCC after inactivation of a MET transgene helps validate Met as a potential target in the therapy of human HCC. Moreover, our results define a subset of human HCCs that might be susceptible to combination therapy directed against the Met and Wnt signaling pathways. The eventual recurrence of HCC in the mice without reactivation of the MET transgene dramatizes two points. First, resistance to a targeted therapy may arise from an event that bypasses the tumor's original dependence on the therapeutic target, as opposed to a mutational change in the target. Second, any effort to use Met as a target in the treatment of human HCC should anticipate the need for combination therapy to reduce the likelihood of relapse.
Methods
Mice. Transgenic mice that express the tet transactivator in a liver-specific fashion (LAP-tTA) were mated with transgenic mice that express wild-type human MET under the control of the tetracycline response element (TRE-MET) to generate doubletransgenic mice (LAP-tTA/TRE-MET) (10) . All mice were on the FVB/N background. LAP-tTA littermates or FVB/N mice were used as controls. Doxycycline was administered in the food (200 mg/kg) for suppression of transgene expression. Genotyping was performed by PCR as described (10) .
Hydrodynamic Transfection. Procedures were as described previously (16) (17) (18) (19) . Ten to 50 micrograms of the plasmids encoding the Sleeping Beauty transposase and transposons with oncogenes of interest in a ratio of 1:25 were diluted in 2.5 ml of filtered 0.9% NaCl and then injected into the lateral tail veins of 6-to 8-week-old FVB/N mice (Charles River Breeding Laboratories, Portage, MI).
Histology. Animals were killed, and their livers were removed and rinsed in PBS. One piece was snap-frozen in liquid nitrogen for preparation of lysates, and other pieces were fixed overnight in freshly prepared, cold 4% paraformaldehyde. Fixed tissue samples were then washed three times in PBS and stored in 70% ethanol until they were embedded in paraffin. Five-micrometer sections were placed on slides and stained with H&E.
Immunohistochemistry. Paraffin was removed from unstained slides with xylenes. The slides were then rehydrated through a series of washes with incrementally decreasing percentages of ethanol. Antigen retrieval was done in 10 mM sodium citrate buffer (pH 6.0) by placement in a microwave on high for 10 min, followed by a 20-min cool down at room temperature. Samples were then subjected to 3% hydrogen peroxide for 10 min to quench endogenous peroxidase activity. Blocking was done with the Avidin-Biotin blocking kit (Vector Laboratories, Burlingame, CA) in combination with either goat serum or the mouse-on-mouse peroxidase kit (Vector Laboratories). Primary antibody binding was done for either 30 min at room temperature or overnight at 4°C. Detection was performed with the ABC-Elite peroxidase kit (Vector Laboratories) by using the DAB substrate kit (Vector Laboratories). Counterstaining was done by a 5-sec dip in hematoxylin Gill 3 (Sigma-Aldrich, St. Louis, MO). Antibodies and dilutions were as follows: antiphospho-Met (Tyr-1234/1235) antibody (1:25; Cell Signaling Technology, Danvers, MA), anti-human Met (1:500; Zymed Laboratories, South San Francisco, CA), anti-AFP (1:1,000; Dako North America, Carpenteria, CA), anti-glutamine synthetase (1:500; BD Biosciences, San Jose, CA), and antiphenylalanine hydroxylase (1:500; BD Biosciences).
Preparation of Lysates.
Lysates were made by taking a sample of frozen liver tissue and placing it in a tissue grinder with lysis buffer, which was composed of 1% Nonidet P-40, 50 mM Hepes (pH 7.5), 150 mM NaCl, 10% glycerol, 1.5 mM MgCl 2 , 1 mM EDTA, 183 mg/ml NaVO 4 , 100 mM NaF, and a mixture of protease inhibitors consisting of leupeptin, aprotinin, and Pefabloc (Roche Diagnostics, Indianapolis, IN). After homogenization, insoluble debris was removed by centrifugation. Samples from the lysates were then subjected to a BCA protein assay (Pierce Chemical, Rockford, IL).
Immunoprecipitation. For each sample, 10 l of anti-phosphotyrosine antibody (4G10) was added to 1 mg of protein in 200 l of lysis buffer and placed on a rocker overnight at 4°C. Twelve microliters of protein G beads were added to each sample, which was placed on a rocker at 4°C for 1 h. The beads were washed three times with 1 ml of lysis buffer and then boiled in 50 l of SDS sample buffer; 20 l was then loaded per lane and subjected to Western Blotting as described next.
Western Blot Analysis. Fifty-microgram protein samples were subjected to SDS/PAGE. Proteins were transferred to PVDF membranes and blocked with 5% milk. Primary antibody binding was done for either 1 h at room temperature or overnight at 4°C. Detection was performed by ECL (Amersham Biosciences, Piscataway, NJ). Antibodies and dilutions were as follows: anti-phosphoMet (Tyr-1234/1235) antibody (1:1,000; Cell Signaling Technology), anti-human Met (1:2,000; Santa Cruz Biotechnology, Santa Cruz, CA), anti-glutamine synthetase (1:5,000; BD Biosciences), and anti-tubulin (1:250; Abcam, Cambridge, MA).
DNA Sequence Analysis. Tumor DNA was extracted with a QIAamp Tissue Kit (Qiagen, Valencia, CA) and then subjected to PCR under the following conditions: 94°for 5 min; 35 cycles each of 94°for 30 sec, 56°for 30 sec, and 68°for 1 min; and then a final extension step of 68°for 7 min. Platinum Pfx polymerase was used for all PCR for sequencing. The sequences of the PCR primers, which also were used as sequencing primers, were: mouse BCAT ex2 F (ctgcccgtcaatatctgaaaa), mouse BCAT ex2 R (tcccatggagctcatactgac), human BCAT ex3 F (caatgggtcatatcacagat), and human BCAT ex3 R (agtgacattgctattactctc).
